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spectrum are found to have an intensity ratio in disagreement with observed ratios for neighboring atoms wfth filled valence subshells. Also, the width of the 4f photoelectron peak above the instrumental contribution can be explained in terms of multiplet effects.
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·A. Introduction
In any atomic system with unpaired valence electrons, the exchange interaction affects spin-up and spin-down core electrons unequally. Since exchange acts only between electrons with the sanie spin, 1 core electrons with spins parallel to those of the unpaired valence electrons will experierice a valence-electron exchange potential, whereas core electrons with spins antiparallel will not. Since the exchange interaction tends to affected. Spin-unrestricted Hartree-Fock calculations predict differences in the spin-up and spin-down core-electron energy eigenvalues of tran- 8 The 3p binding energies in these solids also give evidence for splittings, but from both a theoretical and experimental point of view, the interpretation of this data is less straightforward.
8
In this paper, we review the results obtained previously for Mn and .The experimental procedure has been described elsewhere. ' Samples were bombarded with x-rays of "' 1 keV energy (primarily with the unresolved MgKa 1 , 2 doublet, which has an energy of 1.2536 keV). The ejected electrons were analyzed for kinetic energy in a magnetic spectrometer. The kinetic energy distributions obtained in this way contain photoelectron peaks corresponding to excitation from all the core and valence electronic levels in the sample whose binqing energies.are less than the excitation energy hv. The pertinent energy conservation equation is hV = Eh-Ei +£+work function and charging corrections, (i) where · · Eh is the total energy of the final state of. the system with a hole in some subshell, Ei is the total energy of the initial state of the system, and £ is the kinetic energy of the electron ejected from that subshell. Work function and charging correction will accelerate or decelerate all electrons equally, and so can be disregarded in the measurement of splittings within a single sample. 9 ' 10 The quantity Eh by definition the binding energy of an electron in the subshell, relative to the final hole state corresponding to Eh. If the ejection of an electron from a subshell can result in several final states of the system (i.e. , several Eh values),. a corresponding nwnber of photoelectron peaks will be observed. Thus, the energy splittings of these final states are in principle directly measurable. The instrumental contribution to linewidth for these experiments was "' 1.0 eV full width at half-maxim~~ intensity(F'wW1). This width arises primarily from the natural width of the exciting radiation.
•
•.
- 2 ). Compounds were studied at room temperatures and a pressure of "' 10-5 torr.
The.se samples were usually prepared by dusting the powdered crystal onto ari adhesive backing to form a contiguous coating. 9 In a few cases, samples were prepared by painting an ethyl alcohol slurry of the powder directly -on a metal backing. 9 Pure 3d series metals were also studied, and these ( .
-3 ) samples were heated in a hydrogen atmosphere rv 10 torr to free them
o sur ace ox1 a 1on.
The choice of solid samples to be studied was restricted by two factors: . (l) The sample must be in a vacuum if photoelectrons are to be analyzed for kinetic energy without appreciable inelastic scattering.
(2) The vacuum in our spectrometer was rather poor, with pressures in the 10-5 torr range. These factors precluded the study of well-defined hydrated salts, as these salts will either lose water of hydration at room temperature or condense material from the residual gas in the system if cooled to very low temperatures. Also, transition metals which react 6 9 ll to any degree with oxygen had to be reduced in an atmosphere of hydrogen. ' '
For room temperature studies, anhydrous salts of metals with strongly electronegative anions represented the most useful samples. In certain cases, metal oxides were stable enough to be studied under the conditions of our experiments. Both iron and manganese have at least three oxides .
From the point of view of observing multiplet splittings, the most The only form of data analysis applied to photoelectron spectra was a least-squares fit of empirically-selected, analytical.peak shapes. 9
This procedure permitted accurate determinations of peak positions, widths, relative shapes, and intensities, and also of the importance of inelastic scattering effects. The selection of peak shapes has been described elsewhere. 9 The most useful shapes are Lorentzian or Gaussian with smoothly-connected constant tails of adjustable height on the low kinetic energy side. These tails represent reasonably well the effects of inelastic scattering on electrons escaping from the sa~ple. (2) • · ·, unless they can be assigned to some obvious cause other than ejection from 3s or 3p levels by NgKa 1 2 x-rays.
'
In the latter category are the peaks due to the and satellite
x-rays and the Na2s peak in Na 4 Fe(CN) 6 . The relative shifts in kinetic energy of the 3p(l) peaks in either Fig. 1 or Fig. 2 do not have special significance, as absolute energy measurements were not made with high precision. Therefore, some of these shifts could be due to such effects as charging of the sample. Within a given spectrum, however, relative peak locations can be determined quite accurately.
We concentrate first on the 3s regions of Figs. 1 and 2. Table I summarizes our experimental results as obtained by least-squares fits of Lorentzian-based peak shapes 9 to the data, and also gives the approximate free-ion electron configurations for the transition metal ions in these solids. Also noted in Fig. 2 and electron spectra apprec1ably. ' ' For example, Mn0 2 samples prepared from an ethyl-alcohol slurry exhibit an enhanced 3s(2) peak relative to samples prepared by dusting powder directly on an adhesive backing. The
• separation of the 3s(l) and 3s (2) peaks is the same for both cases, however. This change in relative intensity may be due to slight surface ' reduction in the alcohol, as noted in Table I . Spectra for MnF 2 , on the other hand, exhibited no significant-changes dependent upon sample preparation technique, and this is consistent with the higher chemical sta·bili ty of this compound.
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In the 3s region, the 3d 5 compounds exhibit two peaks, denoted 3s(l) and 3s(2). Mn0 2 shows a somewhat weaker 3s(2) peak at smaller separation. K 4 Fe(CN) 6 .and Na 4 Fe(CN) 6 sh~ws essentially no 3s(2) peak.
Iron metal exhibits a distinct shoulder which persists with no appreciable change from 810°C (40°C above the Curie point) to 565°C, as shown in .which shows a narrow, single 3s peak as observed in the ferrocyanides (see Fig. 3 and Table I ).
We note at this point several other possible sources of the extra peak 3s(2), all of which can be ruled out: (1) Auger electron peaks can be distinguished by a constant kinetic energy regardless of exciting x-ray energy. Mg and Al x-rays were used for this purpose. However, the high intensity of the 3s(2) peak, the specificity of its appearance near 3s and not 3p, and the nearly equal widths of the 3s (2) and 3s ( l) peaks for :t>mO and MnF 2 make this explanation seem unlikely.
The origins of such splittings have been considered from a theoretical point of view, with the free Mn 2 + ion as an illustrative exarnple. 8
The initial state is 3d 5 6 s and the ejection of a 3s or 3p electron gives Table II, line 2). The signs of the splittings reported in .. In Fig. 3 , we present 3s spectra for the metals Fe, Co, Ni, and Cu.
The temperatures of these measurements are noted, as well as the T/T c ratios for the ferromagnets Fe, Co, and Ni. 18 We have noted that Fe shows a splitting for temperatures below and above the Curie point, whereas
paramagnetic Cu shows a single, synmetric 3s peak, as expected. Figure 3 also indicates that I'Ji has a 3s splitting very much like that for Fe,
.;
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and the results for Co, though not conclusive, certainly exhibit considerable broadening and asymmetry in the 3s peak. The 3p peaks for
Fe (see Fig. 2 ), Co, Ni, and Cu can all be well approximated by a single
Lorentzian with a constant tail, whereas the 3s peaks cannot. The analysis of the 3s peaks into two components as shown in Fig. 3 is somewhat arbitrary, but is analogous to the simpler results obtained for inorganic conipounds. This analysis serves as a rough indicator of the magnitude of the splitting and the shape of the peak. Thus, all three ferromagnets exhibit subtle effects similar to those observed iri inorganic compounds .
.
We attribute these to a coupling of the final state 3s hole with'"'localized electron ejection are spread out in intensity over a broad regi?n (see Table Il ).
We note that in a one-electron transition the intensity of each 5 P state will be proportional to the square of the coefficient of the a 5 ( 6 s)p 5 5 p term in the eigenvec~or. it appears that peaks due to multiplet splittings may be present in the 3p regions of our spectra, further experimental and theoretical study will be necessary to assign the observed peaks to speci fie final hole states.
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The.splittings reported up to this point have been in subshells with the same principal quantum number (and thus th~ same approximate radial location) as the 3d electrons. Analogous effects should be observed in all core levels, although the appropriate Coulomb and exchange integrals describing the final state coupling will be decreased due to the greater average distance of separation of these inner-core and valence
electrons. An approximate indicator of this decrease is given by the 2pa-2pS one-electron energy difference for atomic Fe, compared to the 3sa -3sB difference. In the SUHF calculation for line 2, Table II , B these values are 3.5 eV and 11.1 eV, respectively, so that one might expect an experimental splitting of ~ 6 eV for 3s peaks to be consistent with only a 2 eV splitting of 2p peaks. Also, the spin-orbit splitting of 2p 1 / 2 and 2p 3 / 2 levels for Mn is ~ 12 eV, so that two distinct 2p peaks will be observed. In the simplest vector-coupling model, each of these peaks will be a mixture of a and B electrons, so that, at most, the experimental expectation would be for a broadening of ~ 2 eV in the 2p 112 and 2p 312 photoelectron peaks. In Fig. 4 . effects will be inseparable in an accurate theoretical analysis.
Gaseous 4f Metais
Similar multiplet effects should also be observed in gaseous monatomic metals with unpaired valence electrons. The interpretation of such data should be more straightforward, in the sense that crystal-field and covalent-bonding effects n~ed not be considered. In particular, Eu, with a half-filled 4f shell, should exhibit multiplet splittings analogous to those of Mn 2 +, with a half-filled 3d shell. Treating exchange as a perturbation, the 4sa and 4sS one-electron energies are predicted to be different by 11.7 eV; 23 for example. Unfortunately, the 4s and 4p photoelectron intensities were too weak to permit study of these levels with the ·present apparatus. The 4d photoelectron intensity is much'higher, however, and a photoelectron spectrum in this region is shown in Fig. 5 .
In order to detect small multiplet effects, we compare the ~u4d spectrum with the 4d spectra of the nearby atoms Xe and Yb. The latter two .
• ponents is-. close to that predicted by theory, as indicated in Table IV .
The increase in the linevidth of each component from Xe to Eu to Yb can be ascribed tO a decrease in the lifetime T of the 4d.hole state such that TXe > TEu > TYb. Bec_ause a 4d hole can be filled by 4:f electrons, it is . to 'be expected that T will decrease as the 4f shell is filled.
There are however, two peculiarities in the Eu spectrum of vas also studied and thes'e re~ults ~how a Lorentzian line shape for the two 4d compondnts (see Fig. 6 ). The relative intensities of the two components as derived by least-squares fits of the appropriate shapes are also given in Thus, although it appears that the various peculiarities in Eu4d photoelectron spectra are connected to multiplet·effects, no definite statements can be made without a more detailed theoretical analysis.
The 4f photoelectron spectrum of gaseous Eu is shown in Fig. 7 .
An intense peak is observed, with a FWHM of '\i 2.0 eV. The 6s photoelectric cross section should be very small relative to 4f, 25 so it is doubtful that appreciable intensity in Fig. 7 is due to photoemission of 6s electrons. The lifetime of a 4f hole should also be very long, so that any width of the peak in Fig. 7 Taken together, these effects are qualitatively consistent with the observed width of the 4f peak. .
-25- b Probably slightly reduced; often a non-stoichiometric compound. cFWHM for 3s(l) and 3s(2) constrained to be equal.
~robably slightly reduced (see Fig. l ).
e . The primary source of increased width for these peaks is spin-orbit splitting into 3p 112
and 3p 312 components.
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